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Shaded-Side Spacecraft Potentiadls
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T Toronto, Canada

Abstract

A caleulation by Knott, for the floating potential of a spherically symmetric
synchronous -altitude satellite in eclipsé, has béen adaptéd to provide simplé cal-
= culations of upper bounds on négative potentials which may be achiéved by eleéc-

& trically isolated shaded surfaces 6n spacetraft in sunlight. To investigate geomeét-
s rical effects, we have replaéed Knott's use of the srbit-limited iofi durrént expres-
sion for a sphere, by that for an infinite cylindér. Large (~60 percent) increases
in predicted negative shaded-side potentials are obtained as a result. To investi-
gate 'effective-potential barrier" or "angular-niomentum selection' effects due to
the presénce of less-negative sunlit-dide or adjadent-surface potentials, we have
als6 repliced these expressions by the ion random current, whiéh is a lower bound
for convex surfices when such éffects becore very severé, Further large in-
creases {n predicted negative potentials are obtained, amounting to a doubling in
gome cases, Depending on surface properties and incident eriergy distributioris,

s values ei&eeedln% -20 kV are now predicted, in good agreement with ATS-6 obser-
. vations of potentials reaching -19 kV, as reported by Whipple., For isnlated sur-
= faces in shaded cavities, even fiore negative valies may be redched, In soré
! éonditions, two distinét floating potentials exist, leading to trie possibility «
o "bifurcation plienomena" in real sftuations,
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LOAINTRODECTION

The performance of many satellites in synchronous orbit has béen degraded
by aniomalous everits which include freguerit spurious spacécraft commands and in
some cases permanent damageé. These events invaridbly appear to involve ¢lec-
trical dischargés vaused by differential charging of spacecraft surfaces to large
relative potentials, The latter condition in turn i1s known to result from the rela-
tively iarge average enérgies (up to a few keéV) of the charged particle environment
at symchronous orbit altitude, particularly in disturbed magnetospheric conditions.
Since photoelectroh emission from sunlit surfaces tends to compensate for incident
electrorn fluxes, thereby holding sunlit-side surface potentials close to space
poténtial in *nost casés, an estimate of differential charging magnitudes can be
obtained by simply calculating floating poténtials of electrically isolated shaded
surfaces, relative to spacé potential. In the present work, we have at- +mpted to
obtain upper bounds on such potentials, which in cases of interest are usually
highly negative, because thése bounds constitute "worst cases' for design purposes,
and also becausé unlike more exact calculations, they ¢an be obtained from simple
current balance calculations. Furthermore, it is sufficient to consider local cur-
rent balance only, béecause this corresponds to an electrically isolated surface
element, which is also a "worst case” for differential charging. To calculate these
bounds, we have extended a calculation by Knott, 1 of thé floating potehtial of a
spherically symmetric synchronous -altitude satellite in eclipse. To investigate
geometrical effects, we have réplaced Knott's use of the Mott-Smith and Langmuir2
orbit-limited current expréssion for collection of Maxweilian ions by a unipoténtial
sphere, by thé corresponding expression for an infinite cylinder; both expressions
have been shown® to be uppér bounds for collisionless ion collection as a function
of lotal surface potential, for thrée- and two-diménsional collectors, respectively,
regardless of collector shape, sheath potential, or potential of othér parts of the
collector. THhis replacement causes a large decrease in ioh collection and a
correspondingly large increasée in negative shaded-side flodting potentials (Sec-
tion 3). Anocthér important ion-curfrent restriction may be caused by "effective-

potential barrie r"3' 4,5

or "angilar-momeéntum selection’ effects, in which the
presernce of less-negative sunlit-side potentials produces dipole and higher mom-
erits in the shéath potential, 6 cdusing steepening and contraction of the potential
well surrounding the shadad side (Figure 1), A similar steepening effect will also
occur if an isolated shaded strfice elerient is surrounded by adjacent shaded
surfices which for any reason have léss negative poteéntials (Figure 2). The most
extreme possibility would be a potential profile which was equal to space potential
almost to the spacecraft surface, then fell discontinuously to surface potential.

This limit would cofrespond to a "planar sheath' situation in which the ion collection

370

s e iia i

o
40\4
8,




SPACECRAF T

SuNLIGHT
RADIIE e
=~ A EQUIPOTENTIALS

camaty N\ 5 \ SUNLIGHT

2

SYMMETRIC \ g -

PROFILE \ Y (( -

( -

Figure 1. Steépeéning of Shaded Figure 2. Conductive Spacecraft with

Side Potential Profile for a Shaded Isolated Surfacé Patch

Spacecraft with an Inésulated Sur-
face, after Fahleson

on any shaded convex surface would be given by just the ion random flux. This
amounts to a further ion curreiit réstriction which produces eveén larger increases
in negative shaded-side floating potentidals (Sectiori 3), This situdtion corresponds
to a velocity-spate cutoff bouridary for incident ions which is "one-dimensional;"
the cutoff bouridaries corresponding to sphericdl and infinite cylindrical collectors
arg, respectively, ""three-dimensional" and "two-dimenstonal"> (Section 2).

We also show (Section 3) that if shaded cavities containing isolated surfaces
exist on a spacecraft, negative potentials on such surfaces may surpass even these
predictions, In some taseés, more than one possible flodating poténtial résults
from the calculation; this implies the possibility of "bifurcatior phénomena" in
which adjacent isolated surfaces of thé same material may arrive at different
floating potentials as a result of differences in théir charging histories (Section 3).

We have also modified Kriott's calculation in anothér way, by includifig currents
dué to electron backscattering (Section 2). These currents will tend to decrease
riet eleciron collection, thereby making floating potentidls less hegative than othier-
wisé (Section 3). A process not included by efther Knott or ourselvés is secondary
electron emission due to ion impacts; this will also ténd to make floating potentials
less nzgailve,
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2, THEORY

The ambiént electron energy distributions used in the pr sént work are a
model ?uiet-time spectrum (Knott,l Figure 1) and a model disturbed spectrum
(Ksiott, © Figure 2b) based on measurements by shield and Frank, = and DeForest and
Both of these distributions, and also the ambient ion

Mcllwain, 8 respectively.
The disturbed spectrum was chosen from the

distribution, aré assumed isotropic.
thrée used by Knott because it has a higher average electron energy (~10 keV)
l.:han the others. In using it, we have changed it as follows: in the cnergy ranges
0.5 keV < E < 10 keV and 10 keV = E < 40 keV, we have replaced Knott's difféeren-
8 5172 and 2 x 10% £-3/2 ele(:tx‘oris,!cm2 sec sr

tial energy spectrum by./2 X 10
ions are simpler than those

keV, respectively, where E is energy. Thesé r-’
indicated by Knott, and they alsc bring the model spectrum into closer agreement
with the data on which it is based., We theréfore believe that they may have been
the ofies actually-used by Knott, and that the corresponding parts of Figure 2b in

his paper may be incorrectly plotted., For any spacécraft surface having a nega-

tive potential ¢ < 0, or for a three-dimensional (for example, spherical) surface
having $_ > 0, the orbit-limited flux (particle current density) Je of ambient elec-

trons is given by?

Jg - _/Wn &y - (1+ es /ENAI , /dE) dE (1)
max(0, -é¢s)

where ¢ is magnitude of unit electronic charge, ¢ is local surface potential,
dj./dE is the ambient energy-differential flux incidernt on one side of an arbitrar-
ily oriented surface element, and v, is the velocity component normal to the same
surface element, dJéo/dE is 7 timés the energy-differerntial flux per steradian
used by Knoti, = and {s given in terms of the ambiént éigctron velocity distribution
f- d3 Noe /dsy_ by the relation dJeo/dE = ZﬂfE/mz, wheére m,, is electron mass and
N is ambient ion or eléctron nuniber dengity. Slnce f is isotropit, [ = f(E), The
factor (1 + eas/E) in Eq. (1) appears to have been neglécted by Knott, and may
account for sonié mitor discrepanicies béetween his results and ours (Section 3).
The presencé of this factor leads to a divergent integration in Eq, (Y if o, >0,
unless dJé.o/dE ~0as E »0, that is, f(E) remains finite as E - 0. This impliés
that the differssitial Huxes ih Kriottis Figures 1-3 must approach zero linearly with
E at E values smalier than those shown ifi these figures. In the present work we
have instead used a less-realistic sharp cutoff at 1 ev; this may slightly affect our
resulis for positive floatirg potentials in Section 3. We have also introduced a
shairp upper cutoff at 50 keV in the quiet-time spectrum, also in order to avoid a
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divergeiit integration wher rdleulating average energy for use in backscattering
caledlations (see below),

In order to obtain the orbit-limited ¢lectroii flux expression for an arbifrary
cylindrical collector, the lower integration limit in Bq. (1) must be replaced by
the two-dimensional veloeity-space cutoff boundary h | Mmax (0, - eg), where
El is the total energy of transverse motion é- me(vx + vi) - ¢¢, and we have
chosen a z coordinate perpendicular to the cy

lindcr cross-section, If é, >0, this
complicates the integration in Eq. (1), which may thén be done in either of two

ways. The first [ Laframboise and Parker, 3 Eq. (6)] is to convert Eq. (1) into an
integration using cylindrical coordinates in velocity space. This method has the
disadvantage that the vélocity distribution must be integrated over v, in ordg'er to
convert it into a distribution of transverse velocities, An alternate method® ? ig
as follows. We choose rectangular coordinates v.,v

n Ve vz) in véloeity space, such
that Vp is the velocity component in the inward normal direction at the colléctor
surface, Then V, and v

, become tangential toordinates, with v, in the plane of the
cylinder cross-section,

We then transform to spherical coordinates (v, 6, ¢) with
v, ds polar axis. Then: vV, Vcos g, Vo oV sin g cos ¢, and Ve v sin g sin ¢,
For 6, > 0, Ed. (1) is then repliced by:

. 3
Je rffvnd!

E:e ¢y=7/2 @g=2/2

= 2 HE)v sin ¢ cos y)

E-0 y--n/2 9--Arcsin[e¢s/(E+e¢s)]1/2

x (v sin 0 dv dg dy)

~
RIS

. o 11/2
1/2  (Ee¢ ) aJ
Arc sin ( E ) / & (1 ' ed’s) o

E+es, + Etes,

[

In comparison with Eq, (1), we see that the integrand in Eq,
extra, energy-dependent weigliting factor, which arises fro
over the fractional
tor at each energy.

(2) contains an

m integiation of Vi
solld angle over which ambient elections can reach the collec-

A similar proceduie is advantageous th - taintng the one~dimensional

(Section 1) orbit-l1imited fix expression. Ii this case, the lower limit in Eq. (1)
mist be replaced by: En - max(0, - e¢s), where En é- m, vﬁ - e4. This time
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we transform (vn. Vi ¥,) to spherical coorditiates (v, 4, ¢) with Vy, 89 polar axis,
For g > 0, Eq. (1) i3 now replaced by:

Ecw g=Arccosled, /(Bsed ) /2
Je s f f(E)v cos 6)(2rrv2 sin ¢ dv d@)

[ ]
o,
={—fﬁ2d2 @)

independently of collector potential, as expected.

The corresponding expressions for ion.flux Ji are simpler because the ions...
are assumed to be Maxwellian, Corresponding to the three-, two-, and oné-
dimensional velocity-space cutoffs described above, we obtain, respectively,
for-ion-attracting surface potentials x is > 0:

2,3

(1 +x,) @)
13 (5)

(1) (6)

J:=J [2(x;g /) 1/2 +exp(x= ) erf¢ (x

i Yio

where x. is = “edg /kTi, k is Boltzmann's consgtant, '1‘i is fon temperature and Jio
the ion random flux N (k'l’ /?.nm )1/ 2. For ion-retarding surface potentials
Xig < 0, we obtain:

J; =3y, exp ("is’ . (7

Weé have aSSumed..!,,.that Tt = 1 keéV, and that the random ion to electron flux
ratio Jio/Yep = 0-025.

Fox the sécondary electron fractic.nal yield 8(E), we have uséd, following
Knott, the relation of Sternglass-w

(E) = T.48. (B/E__)exp [-2E/E__0'/3) | (8)

max max

We have used the same selection of surface materials (Section 3) as that
appedring in Table 1 of Knott, 1 for which the vadlues of § and Emax weré
obtainéd from Gibbohs'® and Hachéhberg and Braver, 12

The process of electron backscattériiig, which was not fricluded in Knott'.
calculationis, becoiries important at incident electioii kihetic energies largér thdn

max
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those for which secondary emission is dominant, For the backsecattered electron

fractional yield n, we have fitted the results of Stm-nglassm with a relation of the
form:

£ mE) - AR+ BEV2 ) ¢ )

E where the coelficiefits A, B, and C are furictions of the atomic number Z of the

surface material. We-have evaluated A, B, and C for each surface material con- -
sidered (Section 3) by substituting Sternglass' values of n at 1, 3, and 5 keV, into :
Eq. (9). M all cases, nis a very slowly varying function of E. For compound ‘
surface materials, we have assumed that each atomic constituent contributes an

independent backscattered flux proportional to its relative concentration. There

exist moré recent measurements of n14' 15 which give generally larger values than

those of Sternglass, 13 €specially for electrons having near-tangential incidence.
Howeéve

r, we have found thése results to be too fragmentary for our purpouses, and
we have therefore used Sternglass' results throughout. Presumably we have
therefore underestimated n,

and our predicted flodting potentials in Section 3 will i
therefore be slightly more negative than more realistic corresponding values. |

When 6, > 0, not all secondary and backscattered electrons will escapé, To

calculate flux escaping, we assumel3 16 o edas¢ of calev!ution, that both secon-

dary and backscattered electrons are emitted with Maxwellian velocity
having thérmal energies

distributions

oY - » . . ‘3 L%~
Eiec = kKT oo - ! ev, and E ot KT g © (0.45 + 2 X 107°2)F ev

@ b

respéctively, regardless of the form of the incident velocity distribution. lere,
E is the averagé incident electron energy. We further assume that escape of
emitted electroris is orbit-limited, that is, that no barriers of effective poten-
tia3» 4 5 or negative barriérs of electric potential exist on the shaded side.
Fahleson® has pointed out thdt such barriers are likely to exist on the sunlit side 1
independently of any space-charge effects, if substantial shaded-sunlit differences f

exist in by The expressions for the escaping secondary and backscattered fluxes
Jsec and Jscat therefore ares

o0

‘ {
Jgeo © f S(E + eés)(l + e¢s/E)(dJeu/dE) dE. (10)

~ed

S

B s |




Jscat ~ ] n(E + ep )1 + ed, /ENAI,  /dE) dE (11
.e¢5

iro, <0, Ify > 0, the three-, two-, and oné-dimensional cases must be tonsid-
ered separately, We define Xgee ed&s/k'l‘sec and Xgeat ° cos/k'fscat. For brevity,
we cohsider only the secondary fluxes; the corresponding results for backscattered
Nuxes may be obtained by replacing 6 by n and Xgac BY Xgcat throughout, If J,is
the emitted flux of secondaries, then their velocity distribution at the surface is

fg = (.'I_;'/Z1r)(rne/‘kTs‘é¢)2 exp (- é- mevz/k'l‘s o) irzx the threg-diménsionnl case,

the cutoff condition for their ¢scape is E = 5 m V" - €6 > 0. We redefine v, as
velocity component in the outward riormal direction, and we use spherical coord-
inatés as defined in connection with Eq. (3). We obtain, for thé escapinig secondary

flux:....

2 E=e
J m
= =2 (.R,—re_) f f exp (- é- mevz/kTsec)(v cos )(2av? sin g dv dé)
E=0.. 5=0

LS EY

= (1 + Xgpo) %P (=Xg40) 7 6(E + ep N1 + ed /ENAJ /dE)dE .  (12)
0

The factor (1 + xg ec) is notéworthy, because it is specific to three-dimensional,
as opposed to planar, sheath geometry, In thé two-dimensional case, the cutoff
conditioni for excape is 5 me(vﬁ + v?) - edg > 0, and the convoltitior integral for
Js contains the extra veighting factor which appears in Eq. (2). It is corvenient
to use spherical coordinates as defined ifi contiection with Eq. (2). We obtain:
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Jsae [2("sec/")1/2 +oxp o) erfe (":u/:é] exp (=xg0c)

a0 1/2
/ . (Eed )/ el
2 S I e —i SUPIDN
Y/ = Arc sin (E - 004) o e, (1 t P) BE + ed)
0 5
dJ
QO B
=B dE . (13)

In the one-dimensional cdase, the cscape condition is ‘é‘ mevn -eh, > 0, and
we again use spherical coordinatés as defined in connection with Ed, (i) We

obtain:

0
Jgoc 7 €XP (-xscc)f 6(E + ed;s)(d.]eo/d}::) dE . (14)
9

The floating potential(s) of an isolated shaded surface element is (aré) row
given by thé zero(s) of the function:
J

Ji-Je+Jsec+J . (15)

net scat

3. RESULTS AND MISCUSSION

Table 1 shows floating potential values obtained by numerical solution of the
equation J, o, = 0, where J ., is given by Eq. (15) and we have assuméd J scat © 0
iti order to duplicate the physical situation of Krott, ! whose results are shown in
parentheses. We sée that our résults show qualitative but not quantitative agree-
ment with his. Possible réasons for the disagreement are: (1) Knott appears to

have sclved the current balance equdtion graphically rather than humetically;

(2) wheréver his solution indicates a floating potential more negative than -3000 V,

he has listed the result simply as "< =3000 V"; (3) wherever he has obtained a
positive floatifig potential, he has listed it simply as "+5 V"' whereas we have
calculated it using the assumptions made in Section 2; (4) as mentioned following
Eq. (1), his exptession for ircident electron flux may contain an error, The most
important feature of Table 1 is the very large floating potentials which are evident
in disturbed conditions in the presence of the two- and one-dimensional velotity-
space cutoffs, The dfamatic differences which exist among these results are
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evidence that spacecraft geometry and sheath poténtial shape are important influ-
onecs in detérmining floating potentials, It {5 fmportant to note that as floating
poteritinl becomen more nogative, it also beecomes more sonsitive to the presenee
of small amounts of high-energy cleetrons, This means that if o gpaceeraft should
encountér conditions that are "'more disturbed" than those given by Knott's spee-
trum 2b, the values in Table 1 most lkely to be significantly cxceeded are those for
the one-dimensional cutoff, Thir implies that for design purpc ses in which worst-
case information s desired, it is important to do calculations with th* "most
disturbed" eleetron snectra available,

In obtaining these results, we have made no attempt to calculate the time
needed to approach the steady-state conditions which they represent. In general,
theé most negative potentials correspond to a balance between the smallest currents,
and will therefore {nvolve the longest charging times,

Also evident in Table 1 are situations in which the current-voltagé character-
istic of the surface has three roots, For these to occur, it is necessary that
b max be substantially greater than one, and that the incident spectrum contain a
sufficient proportion of electrons in the energy range where secondary emission
is a maximum, The center root never represents a possible loating potential,
because it is "unstable" in the sense thut a small change in surface potential would
cause a net current collection of a sign which would drive the surface potential
awdy from this root to one on either side. A further consequence of such a situa-
tion is discussed below,

Table 2 includes the further addition of backscattered electron flux (Section 2)
and therefore répresents a more realistic physical situation. In most cases, the
net effect of backscatter is a moderate reduction of negative fioating potentials.

In some cases, the reduction is large, as in the case of a gold surface exposed to
the "quiet" spectrum. In several other ca. es, all associated with the quiet spec-
trum, backscattering changes a multiple-roc* to a single-root situation. As indi-
cated in Section 2, we have probably undere:timated backscattered fluxes;, and we
have also (Section 1) ignored secondary electron emission caused by ion impacts.
Both of these effects would tend to further reduce negative potentials. However,
such changes are likely to be small. The results in Table 2 should probably be
regarded as consistent with observations of po..ntials reaching -19 kV on the
ATS-6 spacecraft, ad reported by Whipple, 17
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Figutes 3-7 show curréni-voltage characteristics for some of the situations
in Tables§ 1 and 2. Figure 3 skows a "typical" gingle-root situation in which
secondary and backscattér contributions do not change the general shape of the net
current curve, Figure 4 shows the above-mentioned case of gold exposed to the
quiet spectrum, in Which the backscattér contribution changes a large prédicted
négative floating potential to a muth smaller value, Figure 5 shows a triple-root
situation, Figure 6 shows the disappearance of a triple-root situation because of
backscattér, In Figure 7, sécondary éléctron current is sufficient by itself to
prohibit a negative floating potential.

We now exarmine situations which may arise in the c¢ase of spacetraft which
have shaded cavities containing electrically isclated interior surfaces. Figure 8
shows an idealization of such a spacecraft. We wish to show that the effects of
surface concavity may cause ion collection tu be reduced more thdin net eleétron.. ...
collection at an intérior point such as B, relative to an extérior point A; such a
situation wculd result in floating potentials more négative than those of Table 2,
To demonstrate this possibility, we first note that inh the presence of an isotropic f
ambient plasma, incident fluxes to any surface depend on1y3 on the locations, in :
velocity space, of the cutoff bounaaries inside of which the orbits of ambient par-
ticles can conhect "frotri infinity" to the surface, Figure 8 shovis a set of the
associated "cutoff orbits." We see from Figure 8 that the included angle between
cutoff orbits has besh reduced in going from A to B for ions but not for électrons,
for which orbits tangential to thé surface aré shown as réaching both A and B.
Accordingly, the incident ion current contribution for thé energy shown will z2lso
bé reduced, but thé electron contribution will not, This picture is invalid for

higher-energy éléctrons at B, whosé orbits are straighter and will have a greater
tendéney to connect back to the interior surfaces of the cavity. Eveén though such

higher-énergy orbits will generally have lowér populations than lower-energy :
orbits, it is not ¢lear whether the relative current réduction at B will be greater ‘
for fons or for eléctrons. However, this argumeént i3 inténded to demionstrate only
the possibility that the bounds in Table 2 will bé exceeded. On the other hand, this ‘
possibility will be enhinced by the effects of secondary and backscattered electrons, .

which will ténd to bé récolléctéd insidé any cavity, rathér than éscaping into space,

thus tending to inicrease net eléétron colléction and driving foating potentials more

negative. This effect will be strongest for backscattered électrons because their

higher emission energies will cause them to have straighter orbits. To draw firm !
conclusions will require detalled numerical simulation, An additiorial feature of
cavities is their generally higher cutgussing pressures, which will increase any
téndencies for arcing to occur. More fiegative floatirig poténtfals may also result
if the amibient eleétron distributlon coritains beam-l{ke constituents'® which happer
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3-7, the zeros of the characteristica are indicated by arrows
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Figure 8, Spacééraft with Shaded Isolated Cavity, Showing Incident Ion
and Electron Orbits with Energles Closé to the Lowest for which Collec-
tion of Each Speéies {8 Poésible, The orbits shown are cutoff orbits,
defined a3 the most nearly tangential orbits for which incident particles
of a given energy are ablé t6 reach a given pbint on the spacecraft sur-
face, having tangential velocity component in a given diréction
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to be directéd into a cavity, Especially severe arecing problems are known to have
occurred between electronic compotents mounted inside a cavity at one end of the
DSCS spuceeraft,

Finally, we dis¢uss some further {mplications of the multiplé-root results
shown in Tables 1 and 2 and Flgure 5. Consider & situation involving two or more
adjacent but isolated spacecraft surfaces which are made of the same material,
and whose external conditions change with time, as in-the case of time-varying
ambient distributions, or a Spacecraft rotation which carries these surfaces from
sunlight into shadow. Such a situation might involve the continuous évolution of a
single-root into 4 multiple-root situation, and the possibility would then arise of
a "bifurcation”" phenometion in which different surfate élements followed different
potential histories, with a ¢orrespondingly large potential difference arising
between them, Again, detailed numerical simulations are necessary in order to
find out if su¢h phehomena can actually oteur,

4. CONCLUSIONS

Upper bounds have been calculated for negative Moating potentials which may
be dcquired by electrically isolated shaded surfices on §ynchronous spacecraft,
Effects of spacecraft shape and sheath potential profilé havé beén shown to have
large influences on such potentials. Inclusion of electron backscattéring eurrents
causés only a moderate reduction of thege negative potentials in most cases. For
igolated surfaces inside shaded cavities, neégative floating potentials may éxceed
those on convex surfaces. In some conditfons, two possible floating potentials
exist, leading to the possibility cf "bifurcation phenomena" in whick adjacent isola-
ted surfaces made of the same material may follow differént charging histories.
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